Aims Type 2 diabetes (T2D) is a metabolic disorder requiring intensive self-care to maintain optimal glycemic control. Sleep disturbance is common in T2D patients and likely impairs glycemic control. Our aim was to examine the relationship between sleep disturbance and self-care in adults with T2D. Methods This study used a correlational design. Sixty-four adults with T2D were recruited. Validated instruments were used to measure self-care, subjective sleep disturbance, and covariates (e.g., diabetes distress, self-efficacy, fatigue, and daytime sleepiness). Over an 8-day period, the ActiGraph-wGT3X was used to measure objective sleep outcomes (e.g., total sleep time and number of awakenings). Bivariate correlation and multiple linear regression analyses were conducted. Results The mean age of the participants was 60.6 (SD 6.8) years (range 50-78), and 51.6% were women. Controlling for covariates, subjective sleep disturbance (β = − 0.26), diabetes distress (β = − 0.39), and daytime sleepiness (β = − 0.21) were strong predictors of diabetes self-care (R 2 = 0.51, p < 0.001). When objective sleep parameters were used, the number of awakenings (β = − 0.23) also predicted self-care along with diabetes distress, fatigue, and daytime sleepiness (R 2 = 0.57, p < 0.001). Conclusions Subjective sleep disturbance and frequent nocturnal awakenings are associated with worse diabetes self-care in adults with T2D. Healthcare providers are recommended to include comprehensive sleep assessment at every clinical visit. Diabetes educators may consider including sleep-related education in their diabetes self-management classes and/or counseling sessions.
Introduction
Diabetes self-care behaviors are daily, lifelong, complex regimen tasks that an individual performs to manage diabetes [1] . Self-care is the foundation for optimal glycemic control, which is crucial for preventing or delaying chronic diabetic complications [2] , such as early disability, amputation, and kidney failure. Chronic complications have been estimated to account for 53% of the total amount of diabetes-related expenditure [3] . Diabetes self-care is often challenging for aging adults and is further complicated by competing psychosocial and physiological burdens [4] , among which sleep disturbance might play a role.
Sleep disturbance is a frequent complaint in people with type 2 diabetes (T2D), with the prevalence ranging from 42 to 76.8% [5, 6] . Aging adults with T2D are more vulnerable to sleep disturbance due to age-related physiological changes and comorbidities [7] . Sleep disturbance has been related to impaired glycemic control [8] , yet the relationship between sleep disturbance and self-care has been under-examined. Findings from earlier cross-sectional studies of sleep disturbance and self-care have been inconclusive. Chasens and colleagues reported that self-reported sleep disturbance was associated with control problems, attitude, and self-care adherence [9] . In contrast, Nefs and colleagues [6] found no significant relationship between self-reported sleep disturbance and self-care in a cross-sectional study. Prior studies may have been limited with the use of static, cross-sectional measures of sleep and bivariate analysis. There is a need to examine whether sleep disturbance is related to daily selfcare behaviors in the context of aging adults with T2D while addressing those methodological limitations. Several factors may need to be controlled while examining the relationship between sleep disturbance and selfcare. These factors include self-efficacy, diabetes distress, fatigue, and daytime sleepiness. Evidence has shown that self-efficacy is a significant and unique predictor of self-care behaviors in people with T2D [10] . Similarly, diabetes distress has been a strong predictor of self-care [11] . As a common and debilitating symptom, fatigue is associated with self-care [12] . Daytime sleepiness, one's tendency to fall asleep under different situations [13] , has also been related to self-care [9] .
Building upon previous studies, we aimed to examine the relationship between sleep disturbance and self-care. We included both subjective and objective sleep assessment and controlled for potential covariates. Understanding the relationship between sleep disturbance and diabetes self-care may contribute to our knowledge in the complex relationship between sleep and diabetes. Findings from this study may help to improve current diabetes care guidelines by further encouraging sleep-related assessment and intervention.
Participants and methods

Design
We used a correlational design to study the relationships between sleep and self-care behaviors at baseline and over an 8-day period under free-living conditions.
Participants
A convenience sample of adults (aged 50 years or over) with T2D for over a year was recruited. Participants with the following self-reported conditions were excluded: (1) gestational diabetes; (2) on anti-depression therapy, anxiolytic agents, and antipsychotics, or with other physical disabilities (e.g., amputation and paralysis); (3) acute diabetic complications or other comorbidities including chronic arthritis with uncontrolled pain, cancer within the past year, heart failure, liver disease, chronic obstructive pulmonary disease, and kidney failure; (4) using prescription sleep medications for insomnia or diagnosed with restless leg syndrome; (5) shift-workers; and (6) non-English speakers.
Baseline data from the first 50 participants were used to run a simulation-based power analysis [14] . The simulation results suggested that with a sample size of 50, the power of detecting a significant relationship between subjective sleep disturbance and self-care was 0.78. When the sample size is increased to 60, the anticipated power is 0.88, suggesting that a sample size of 60 should be large enough to detect the significance. A total of 64 participants were recruited in this study, and 59 completed that 8-day data collection. The recruitment process is shown in Fig. 1 .
Measurements
Demographic and health-related characteristics
Participant demographic and health-related characteristics were measured using a baseline questionnaire designed by the researchers. The questionnaire included self-reported: age, gender, race/ethnicity, education years, diabetes duration, treatment regimen, hypertension, and diagnosis of sleep apnea. Fingerstick capillary-glycated hemoglobin A1c (HbA1c) was collected using Bayer A1CNow+™ [15] . Height and weight were measured using a wall-mounted stadiometer and upright, balanced scale, respectively.
Self-care
The Diabetes Self-Management Questionnaire-Revised (DSMQ-R) [16] was used to assess diabetes self-care over the prior 2 months. The DSMQ-R consists of four subscales: glucose management, dietary control, physical activity, and physician contact. Each item evaluates an individual's perception of his/her self-care behaviors using a 4-point Likert scale. The sum of all items yields a global score, which is transformed to a scale ranging from 0 to 10. A higher score indicates better self-care. The DSMQ has acceptable internal consistency reliability (Cronbach's α = 0.82) in adults with T2D [16] . In this sample, the Cronbach's α of the DSMQ-R was 0.79.
Subjective sleep disturbance
The Pittsburgh Sleep Quality Index (PSQI) [17] was used to measure subjective sleep quality and sleep disturbance over the past month. The PSQI consists of 19 items, forming seven factors: subjective sleep quality, sleep duration, sleep latency, sleep efficiency, sleep disturbance, use of sleep medication, and daytime dysfunction. The PSQI global score ranges from 0 to 21. A higher score means poorer sleep quality and a global score of over 5 indicates sleep disturbance. The PSQI has acceptable internal consistency (Cronbach's α = 0.83) and test-retest reliability. It also showed high sensitivity (89.6%), specificity (86.5%), and accuracy (88.5%) when a cut-off point was set at 5, supporting its ability to discriminate those with and without sleep disturbance [17] . The Cronbach's α was 0.71 in this sample.
Objective sleep
ActiGraph wGT3X was used to measure objective sleep. The ActiGraph wGT3X is a wrist watch-like device that records activity information using a tri-axial accelerometer. Data were collected in the 30 s epoch, and each epoch of data was evaluated as sleep or wake, based on the specific algorithm [18] . When compared to eight other wearable devices, the ActiGraph GT3X had the closest measure of sleep [19] . ActiGraph GT3X also showed good agreement with the actiwatch for assessing sleep [20] . When tested against PSG in healthy adults, the wrist-worn ActiGraph wGT3X has a high sensitivity (90%) and accuracy (84%), whereas low specificity (46%) [21] . The Cole-Kripke algorithm [22] embedded in Actilife 6 (ActiGraph, Pensacola, FL) was used to score the actigraphy following standard procedures [23] . In this study, the sleep parameters included total sleep time (TST), sleep efficiency (SE), sleep onset latency (SOL), wake after sleep onset (WASO), and the number of awakenings.
Self-efficacy
The Diabetes Empowerment Scale-Short Form (DES-SF) [24] was used to assess self-efficacy. The DES-SF is an 8-item scale assessing the overall diabetes-related psychosocial self-efficacy. Each item is rated on a 5-point Likert scale. The average of the eight items results in the total score. A higher score indicates a higher level of self-efficacy. The DES-SF has good internal consistency reliability (Cronbach's α > 0.84) [24] . In this sample, the Cronbach's α was 0.83.
Diabetes distress
The Diabetes Distress Scale (DDS) [25] was used to measure diabetes distress. The DDS consists of 17 items that measure four domains of diabetes-related emotional distress over the past month: Emotional Burden, physician-related distress, regimen-related distress, and diabetes-related intrapersonal distress. Each item is scored on a 6-point Likert scale. A higher score indicates a greater level of distress. The DDS has high internal consistency reliability (Cronbach's α > 0.87) [25] . In this sample, the Cronbach's α of the DDS was 0.94.
Fatigue
The fatigue subscale of the Diabetes Symptom ChecklistRevised (DSC-R) [26] was used to measure fatigue. The DSC-R measures perceived occurrence and burden of T2D-related physical and psychological symptoms during the past month. It consists of 34 items that measure eight domains including fatigue. Each item is rated on a 5-point Likert scale (1-not at all, 5-extremely). The domain score is the sum of domain items, and a higher score indicates greater symptom burden. The Cronbach's α for the fatigue subscale was 0.87 [26] , supporting its reliability. In this sample, the Cronbach's α for the fatigue subscale was 0.83.
Daytime sleepiness
The Epworth Sleepiness Scale (ESS) [27] was used to measure sleepiness. The ESS contains eight items that assess one's tendency to fall asleep in eight situations. Each item is rated on a 4-point Likert scale. The sum of the eight items results in a total score, ranging from 0 to 24. A higher score indicates a higher level of sleepiness. Reliability of the ESS was supported by its good internal consistency (Cronbach's α = 0.88) and high test-retest correlation (r = 0.82) [27] . In this sample, the Cronbach's α was 0.73.
Procedures
The study was approved by the Institutional Review Board of the University of Illinois at Chicago. Participants were recruited through electronic flyers posted on campus mailing list and internet. Previous participants with T2D who have given permission to be contacted for future research were also contacted. Prior to data collection, written informed consent was obtained. Baseline data were collected at a large urban university in the Midwestern of the United States. Validated questionnaires were administered during the baseline visit. During the following 8-day period, participants were instructed to wear the ActiGraph wGT3X on the non-dominant wrist and fill out the daily sleep diary within 1 hour upon awakening. Each diary was sent via REDCap electronic data capture tools hosted at the University of Illinois at Chicago [28] . [18] . Therefore, only participants who wore the ActiGraph for 5 days or over (including at least 1 day of the weekend) were included in the analysis. Averages of each objective sleep variable were used in the analyses. Multiple linear regression analysis was run to examine the relationship between sleep and self-care. Covariates entered into the regression models were chosen based on the current literature and bivariate results. Variables that were significantly related to self-care at p < 0.2 were included in the model. The following four assumptions were examined: model specification, homoscedasticity, multicollinearity, and normal distribution of residuals. Statistical significance was set at p < 0.05.
Statistical analysis
Stata 13.0 (StataCorp LP, College Station, Texas) was used for statistical analyses. Prior to data analysis, missing data, normal distribution, and outliers were checked. Descriptive statistics ( x ± SD or percentage) were examined. Pearson's correlation analyses were used to examine the correlations between continuous variables. An extended actigraphy sleep assessment (5 days or longer) can reduce inherent measurement errors and increases reliability
Results
Sample characteristics
Demographic and health-related characteristics of the participants are listed in Table 1 . The sample included 64 participants (age 60.6 ± 6.8 years, 51% female, 53% African American). The mean duration of diabetes was 11.2 ± 8.8 years and mean HbA1c level was 7.9 ± 2.0% (63 ± 22 mmol/mol). Over half of the participants (61.9%) did not achieve the goal for optimal glycemic control defined by the American Diabetes Association [HbA1c < 7.0% (53 mmol/mol)] [29] .
Description of main study variables
The description of main study variables is presented in Table 2 . Overall, participants mean DSMQ-R score was 6.9 (SD 1.5), ranging from 2.5 to 10. Participants mean PSQI global score was 7.0 (SD 3.7), and 54.7% had subjective sleep disturbance (PSQI > 5). Table 3 shows the bivariate correlations between self-care and other variables of interest. Self-care was negatively related to subjective sleep disturbance (r = − 0.36, p < 0.01).
Bivariate correlations between self-care and other variables
Among objective sleep measures, the number of awakenings was negatively related to self-care (r = − 0.36, p < 0.01).
Linear regression model predicting self-care from subjective sleep disturbance
Collectively, age, diabetes duration, sleep disturbance, selfefficacy, diabetes distress, fatigue, and daytime sleepiness explained 51% of the variations in self-care. Sleep disturbance, diabetes distress, and daytime sleepiness were significant predictors. A one-unit increase in the PSQI global score was related to 0.10 unit decrease in DSMQ-R (Table 4 model 1).
Linear regression model predicting self-care from objective sleep
Collectively, age, diabetes duration, number of awakenings, self-efficacy, diabetes distress, fatigue, and daytime sleepiness explained 57% of the variations in self-care. Number of awakenings, diabetes distress, fatigue, and daytime sleepiness were significant predictors. A one-unit increase in the number of awakening was associated with 0.05-unit decrease in DSMQ-R (Table 4 , model 2).
Discussion
The aim of this study was to examine the relationship between sleep disturbance and diabetes self-care. In this study, we systematically investigated this relationship among adults with T2D. We included both subjective and objective assessment of sleep and controlled for potential covariates. We found that subjective sleep disturbance and objective number of awakenings were associated with diabetes self-care. Findings from this study contributed to our knowledge in the complex relationship between sleep and diabetes. In this study, subjective sleep disturbance was related to diabetes self-care. The bivariate correlation analysis suggested that sleep disturbance was significantly related to diabetes overall self-care (r = − 0.36). This finding is consistent with the previous results. In community-dwelling T2D adults with excessive daytime sleepiness (ESS > 10), sleep disturbance was associated with self-care adherence as measured by the Diabetes Care Profile (r = − 0.214) [9] . In another study [6] consisting of 361 T2D adults, Nefs and colleagues reported that, compared to those without sleep disturbance, those with sleep disturbance (PSQI > 5) had suboptimal self-care. However, potential covariates were not controlled in prior studies, which may have resulted in biased results. In contrast, we obtained a more robust estimation by controlling for potential covariates, such as diabetes distress and daytime sleepiness. Diabetes distress has been widely recognized as a strong predictor of self-care [11, 30] , and our regression analysis revealed similar findings. Additionally, we found that sleep disturbance (β = − 0.26) was also a strong predictor of diabetes self-care. Accumulating evidence indicates that daytime sleepiness is related to diabetes self-care [9, 31] . Previous studies [32, 33] suggest that sleep disturbance may impair self-care through its effect on daytime sleepiness. However, in the present study, we demonstrated the independent effect of sleep disturbance and daytime sleepiness on self-care. The relationship between sleep disturbance and diabetes self-care was even stronger than the relationship between the commonly reported daytime sleepiness and self-care.
Sleep continuity (infrequent nocturnal awakenings) is a hallmark of good sleep [34] . Aging adults [35, 36] and diabetes patients [35] are at particular risk for frequent nocturnal awakenings. In this study, the average number of nightly awakening derived from actigraphy was 18.7 (SD 7.2). Importantly, the number of awakenings was significantly related to self-care. Limited studies have examined the relationship between nocturnal awakenings and self-care. Self-reported number of awakenings has been related to daytime functioning, such as difficulty concentrating, memory problems, and mood [35] . Frequent nocturnal awakenings result in fragmented sleep, which could impair cognitive functions through changes in sleep dynamics and constant disruptions of the normal sleep process [37] . In a randomized, cross-over study [38] , 15 healthy males underwent artificially fragmented sleep. Fragmented sleep resulted in a higher level of daytime sleepiness, compared with the nonfragmented sleep. This finding suggests that fragmented sleep may cause sleepiness, and thereby influence daytime self-care behaviors. Another review [39] further supports that fragmented sleep may lead to sleepiness-related daytime impairment. However, we observed an independent effect of nocturnal awakenings on the self-care in this population.
Multiple physiological pathways have been proposed to explain the relationship between sleep disturbance and diabetes. Such pathways include decreased brain glucose utilization, increased sympathetic system activity, increased inflammation, abnormal adipocyte function, and alteration in appetite-regulating hormones caused by sleep disturbance [40, 41] . In addition to these physiological pathways, behavioral mechanisms linking sleep disturbance and diabetes have been suggested [42, 43] . Previous studies conducted in patients with heart failure also indicated that sleep disturbance might affect self-care through its effect on mood, cognitive function, and functional performance [32, 33] . While we did not measure those variables, we did include a measure of diabetes distress. Our findings provided supportive evidence for the complex relationship between sleep and self-care. Subjective and objective measures of sleep provided different perspectives on an individual's sleep. One strength of our study is the inclusion of both methods, which enabled us to examine participants' sleep more thoroughly than the use of a single measure. Additionally, objective sleep was measured in the natural setting over multiple days, which yielded a more valid and reliable assessment. We also controlled for several potential confounding variables, which made our findings more robust. However, study findings need to be interpreted in light of the limitations. Causality between sleep and self-care cannot be inferred due to the correlational design. Generalizability of the study is limited to midlife and aging adults with T2D. Additionally, we used the Actigraph manufacturer's default scoring algorithm to produce objective sleep variables. Although the algorithm was developed and validated in adults, a different algorithm might be needed specifically for older adults with T2D. Future studies with a more representative sample are warranted to confirm the findings of the present study.
In conclusion, we demonstrated that sleep disturbance and more nocturnal awakenings are associated with lower levels of diabetes self-care in this group of adults with T2D. These findings have important implications for both research and clinical practice. Experimental studies are warranted to examine the impact of sleep interventions on diabetes self-care. Ideally, these interventions should target improving overall sleep quality and reducing nocturnal awakenings. Diabetes self-care consists of multiple and distinct behaviors, such as physical activity and eating behaviors. More studies are needed to investigate how sleep disturbance might affect each of these different behaviors.
Study findings can be easily translated into practice. Sleep evaluation has been recommended by the American Diabetes Association guideline [44] . Our findings add to evidence of including sleep-related assessment and intervention in the guideline, particularly for older adults. That would increase diabetes educators' and clinicians' awareness of the importance of sleep in self-care behavior. In clinical practice, healthcare providers are recommended to include comprehensive sleep assessment at every clinical visit. Diabetes educators may consider including sleep-related education in their diabetes self-management classes and/or counseling sessions.
